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Abstract We propose a unified extension of the standard
model with three types of coexisting dark matter, moti-
vated by three well-studied scenarios: (1) supersymmetry
with R-parity conservation, (2) left–right symmetry where
the SU (2)R doublet is not (ν, e)R but (n, e)R where n is a
dark-matter candidate, and (3) a one-loop radiative neutrino
mass model where the particles in the loop have an odd Z2
symmetry, the lightest of which is also a dark-matter candi-
date. Whereas there are many new particles in this model, the
gauge couplings get unified in the same way as in the min-
imal supersymmetric standard model (MSSM). Since there
are at least three dark-matter candidates, each one’s share of
the total relic density of the Universe is adjustable, allowing
for a much larger parameter space for the MSSM candidate
itself. Our main focus is a careful study of a possible specific
multipartite dark-matter scenario in this context.
1 Introduction
To understand dark matter in the context of extensions of
the standard model of particle interactions, there are many
avenues. Supersymmetry with R-parity conservation is the
most common approach. Two other well-motivated scenarios
have also been proposed in recent years. One is the idea of
radiative neutrino mass induced by dark matter. The sim-
plest such one-loop mechanism was proposed by one of
us in 2006 [1]. It has been called “scotogenic”, from the
Greek “scotos” meaning darkness. This proposal has been
studied and extended in a number of subsequent papers [2–
11]. Another is to have a left–right extension where the neu-





It was pointed out [16] that with the addition of new
supermultiplets, the dark left–right model is unifiable with
all gauge couplings converging at an energy scale of about
1016 GeV. These additional particles turn out to be exactly
what are required for radiative neutrino masses in the scoto-
genic model [1]. Hence an opportunity exists for merging all
three mechanisms for dark matter in the context of a super-
symmetric unified theory with radiative neutrino mass. In this
paper we will focus mainly on the dark-matter (DM) phe-
nomenology of this comprehensive model. Note that there
are at least three dark-matter candidates. Each one’s share of
the total relic density of the Universe is adjustable. This frees
up the usual parameter space of the minimal supersymmetric
standard model (MSSM) due to this constraint. It allows col-
lider signatures of supersymmetry in an otherwise excluded
region.
2 Model
Consider the gauge group SU (3)C × SU (2)L × SU (2)R ×
U (1). A new global U (1) symmetry S is imposed so that the
spontaneous breaking of SU (2)R × S will leave the combi-
nation S′ = S + T3R unbroken. Under SU (3)C × SU (2)L ×
SU (2)R ×U (1)× S × M × H , where M and H are discrete
Z2 symmetries, with the usual R parity of the MSSM given
by R ≡ M H(−1)2 j , the superfields transform as shown in
Table 1. Because of supersymmetry, the Higgs sector is dou-
bled, in analogy to the transition from the standard model
(SM) to the MSSM. Another set of Higgs doublet superfields,
η, and a new set of charged and neutral Higgs singlet super-
fields, ζ , are added to obtain gauge-coupling unification, as
well as radiative seesaw neutrino masses.
The superpotential of the model reads
W = − μLL1L2 − μRR1R2
−μTr(12) − μN N N
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Table 1 Particle content of proposed model
Superfield SU (3)C × SU (2)L
× SU (2)R × U (1)
S M H
ψ = (ν, e) (1, 2, 1,−1/2) 0 − +
ψc = (ec, nc) (1, 1, 2, 1/2) −1/2 − +
N (1, 1, 1, 0) 0 − −
n (1, 1, 1, 0) 1 − +
Q = (u, d) (3, 2, 1, 1/6) 0 − +
Qc = (hc, uc) (3∗, 1, 2,−1/6) 1/2 − +
dc (3∗, 1, 1, 1/3) 0 − +
h (3, 1, 1,−1/3) −1 − +
1 (1, 2, 2, 0) 1/2 + +
2 (1, 2, 2, 0) −1/2 + +
L1 (1, 2, 1,−1/2) 0 + +
L2 (1, 2, 1, 1/2) 0 + +
R1 (1, 1, 2,−1/2) −1/2 + +
R2 (1, 1, 2, 1/2) 1/2 + +
ηL1 (1, 2, 1,−1/2) 0 + −
ηL2 (1, 2, 1, 1/2) 0 + −
ηR1 (1, 1, 2,−1/2) 1/2 + −
ηR2 (1, 1, 2, 1/2) −1/2 + −
ζ1 (1, 1, 1,−1) 0 + −
ζ2 (1, 1, 1, 1) 0 + −
ζ3 (1, 1, 1, 0) 0 + −
−μL2ηL1ηL2 − μR2ηR1ηR2 − μs12ζ1ζ2 − μs3ζ3ζ3
+ f1L12R2 + f2L21R1
+ f3ηL11ηR2 + f4ηL22ηR1 + f5L1ηL1ζ2
+ f6R1ηR1ζ2 + f7L2ηL2ζ1 + f8R2ηR2ζ1
+ f9L1ηL2χ3 + f10L2ηL1ζ3
+ f11ψ1ψc + f12 Q2 Qc + f13 QL1dc
+ f14nψcR1 + f15hQcR2
+ f16ψ NηL2 + f17ψc NηR1. (1)
The symmetry S × M × H is used here to distinguish
ψ , L1, and ηL1 from one another, as well as ψc, R2,
ηR2, and N , n, ζ3. There are seven bilinear terms with coef-
ficients μ and 17 trilinear terms with coefficient f allowed
by S × M × H .
Hence me comes from the I3L = 1/2 and I3R = −1/2
component of 1, i.e. δ011 (〈δ011〉 = u1) with S′ = 1/2 −
1/2 = 0, mu from the I3L = −1/2 and I3R = 1/2 compo-
nent of 2, i.e. δ022 (〈δ022〉 = u4) with S′ = −1/2 + 1/2 = 0,
md from φ0L1 (〈φ0L1〉 = vL 1), mn from φ0R1 (〈φ0R1〉 = vR1),
and mh from φ0R2 (〈φ0R2〉 = vR2). Note that φ0L2 (〈φ0L2〉 =
vL 2) does not contribute to fermion masses, but it is involved
in the scalar and vector masses. This structure guarantees the
absence of tree-level flavor-changing neutral currents, which
was the original motivation of this proposal and allows the
SU (2)R breaking scale to be a few TeV. In the conventional
SU (2)R model, this would not be possible without fine tun-
ing.
The scalar sector is extremely complex, containing 26 neu-
tral and 28 charged scalars. The mass matrices are non-trivial,









For the charged Higgs the decoupled bases are:
1. {φ±L1, φ±L2, δ±11, δ±22},
2. {φ±R1, φ±R2, δ±12, δ±21},
3. {η±L1, η±L2, η±R1, η±R2, ζ±1 , ζ±2 }.
3 Radiative seesaw neutrino masses
Since the neutrino ν does not couple to N through L2, it
has no tree-level mass. However, the νNη0L2 and φ0L1η0L2ζ3
couplings and the allowed Majorana masses for N and ζ3
will generate one-loop radiative seesaw neutrino masses, as
shown in Fig. 1.

































where UR (UI ) is the unitary matrix that makes m R (m I )
mass eigenstates and hαi is the parameter for the interactions
νNη0L2 and ν N˜ ˜ηL20.
Both diagrams require supersymmetry breaking to be
nonzero. The one on the right needs the A term φ0L1η0L2ζ˜3
twice and the B term ζ˜3ζ˜3 once whereas the one on the left
requires only the B term N˜ N˜ once. We expect thus the latter
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where h is the diagonal Yukawa coupling, M2N is the
supersymmetry breaking B term, and M3 	 MN has been
assumed. Using vL1 	 100 GeV, M2N 	 1 TeV2, and
MN 	 105 GeV, and h2 	 10−3, we find mν 	 0.1 eV.
The issue of radiative neutrino mass through dark matter,
with or without supersymmetry, has been thoroughly dis-
cussed in previous papers [1–11]. Here we concentrate on the
interplay between the possible dark-matter candidates due to
this mechanism with those of the other two mechanisms, i.e.
supersymmetry and left–right symmetry, as described below.
4 Dark-matter candidates of the model
There are three conserved quantities in this model: a global
U (1) number S′ = S + T3R , with S′ = 0 for the usual
quarks and leptons and S′ = 1 for the scotino n, and the
discrete Z2 symmetries M and H . The usual R parity is
then R ≡ M H(−1)2 j . The various superfields of this model
under S′, M , and H are listed in Table 2.
The existence of two Z2 symmetries (M and H ) allows for
four different combinations (++,+−,−+,−−), with (+)
being even and (−) being odd under the respective Z2 pari-
ties to have stable particles. A quick examination shows that
the only particle that has (−,−) is the Majorana fermion N ,
Table 2 Superfields under S′ = S + T3R , M , and H
S′ M H Superfields
0 − + u, d, ν, e
0 + + g, γ, W±L , Z , Z ′
0 + + φ0L1, φ−L1, φ+L2, φ0L2, φ0R1, φ0R2
0 + + δ011, δ−11, δ+22, δ022
1 − + n, hc
−1 − + nc, h
1 + + W+R , φ+R2, δ+12, δ012
−1 + + W−R , φ−R1, δ021, δ−21
0 − − N
0 + − η0L1, η−L1, η+L2, η0L2, η−R1, η+R2
0 + − ζ−1 , ζ+2 , ζ3
1 + − η0R1
−1 + − η0R2
as noted in Table 2. In Sect. 3, it was seen that N contributes
in loop (see Fig. 1 for example) to yield neutrino masses and
hence it must be heavy (∼ 100 TeV) to account for the small-
ness of the neutrino masses. This makes N too heavy to be a
DM candidate. For (−+), the only possible DM candidate is
the scotino n. Note that a scalar particle (such as the sneutrino
or the scalar partner of the scotino with (−+)) is excluded
from being a DM candidate given its large coupling with the
Z boson and a large direct-detection cross section. With the
combination (++), the only possibility is to have the lightest
neutralino eigenstate. Finally, (+−) contains exotic scalars
and their superpartners (Higgsinos), which, in principle, can
be DMs. However, one can show (for example) that for the
scalar ηR , the annihilation cross section is proportional to the
velocity 〈σv〉 ∝ v, and hence it is not a good DM candidate.
Also the singlet ζ3 (which is in a mixed state with ηL ) has a
large mass, ∼ 50 TeV, given the gauge-coupling unification.
The singlet will not be a candidate, but the decoupled ηL will
be.
Hence, a possible scenario for dark matter is to have the
following three coexisting stable particles [18]: the lightest
neutralino χ˜01 (S′ = 0, H = +, R = −), the lightest scotino
n (S′ = 1, H = +, R = +), and the exotic η˜0R fermion
(S′ = 1, H = −, R = +). One should note here that the
η˜0R fermion is a type of neutralino, but it does not mix with
gauginos and other Higgsinos and that is how it differs from
the lightest neutralino χ˜01 of this model, making it possible
to be much heavier than the LSP and still be stable. The dark
sector may be far from just the one particle that is usually
assumed, as in the MSSM. In the presence of several dark-
matter candidates, the one with the largest annihilation cross
section contributes the least, but it may be the first to be dis-
covered at the large hadron collider (LHC). This means that
in this model, the severe constraint due to dark-matter relic
abundance on the one candidate particle of the MSSM, i.e.
the lightest neutralino, may be relaxed, because it needs only
to account for a fraction of the total dark-matter abundance.
The allowed parameter space of the MSSM becomes much
bigger and the opportunity for its discovery is enhanced at
the LHC.
In Fig. 2, we show the gauge-coupling unification of
this model [16]. The U (1)Y coupling runs until the
SU (2)R breaking scale MR , where α−1X (MR) = α−1Y (MR)+
α−1L (MR) and αL = αR . After MR , the gauge symmetry
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SU (2)L and SU (2)R are unified with the coupling αL R . The
unified gauge group is SO(10). From the requirement of
gauge-coupling unification, it was shown that if the SU (2)R
breaking scale MR equals the supersymmetry breaking scale




X 	 53.28 GeV. (4)
Given that the LHC has not seen any evidence of supersym-
metry up to now, we can set MR ≥ 1 TeV. In that case,
MX ≥ 50 TeV (the dashed line in Fig. 2 is included to
easily observe the change of slope at MX in the running
of αX ). As a result, interactions involving ζ1,2,3 may be
ignored in our studies of dark matter. We further assume
that the N1,2,3 singlets are also heavy, so they may also be
ignored.
For our scenario, we assume the masses mχ , mn, mη of
the three stable dark-matter particles χ˜01 , n, η˜0R to be arranged
in ascending order. η˜0R has I3L = 0, so it couples only to
Z ′. Hence the annihilation of η˜0R ¯˜η0R to Z ′ to particles with
Fig. 2 Gauge-coupling unification in this model
masses smaller than mη will determine its relic abundance.
Once η˜0R freezes out, we need to consider the interactions of
n. Again n has I3L = 0, so it couples to Z ′, but there is also
the interaction e¯ncW−R . Hence the annihilation of nn¯ occurs
through Z ′ to particles with mass smaller than mn as well as
to e+e− through W±R exchange. This will determine the relic
abundance of n. After n freezes out, the remaining particles
are presumably those of the MSSM, and the annihilation of
χ˜01 χ˜
0
1 will determine its relic abundance.
This added flexibility should relax some of the most strin-
gent constraints facing the MSSM today.
4.1 Bound on Z ′ from LHC data
Z ′ couples to the current [12,15]
JZ ′ = s2R J3L + c2L J3R − s2R Jem, (5)
with strength gZ ′ = e/sRcL
√
c2L − s2R . Given the unification
requirements in [16], we assume gL = gR , which implies
sin θR = sin θL ≡ sin θW . We evaluate the bound on the
mass of Z ′ in our model from LHC data with EC M = 8 TeV
and integrated luminosity of 20 f b−1. The result is shown
in Fig. 3. On the left, we show the figure from ATLAS [19],
where the bound was obtained for producing Z ′ and sub-
sequent decays to e±e∓ for some popular Z ′ models. The
right hand side shows our model cross sections in blue and
the bound from LHC data in red, as seen in the LHS of the
figure. The cuts on the electron pT > 40 GeV and pseudo-
rapidity |η| < 2.47 have been employed to obtain the signal
in our model. We use the event generator CalcHEP [20]
for calculating the cross section and use the CTEQ6L parton
distribution function [21]. From Fig. 3 we obtain the bound
on the mass of Z ′, MZ ′ = 2.045 TeV 	 2 TeV. The bound
on SSM, the phenomenological Z ′ model with SM coupling,
has been cross-checked to be around 2.8 TeV, as shown on
the left hand side.
Fig. 3 LHS Bound on different Z ′ masses at LHC from ATLAS with EC M = 8 TeV and integrated luminosity of 20 f b−1. RHS The limit is
exploited to determine the bound on the Z ′ mass of this model
123
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Fig. 4 Linear dependence of MZ ′ (blue) and MWR (red) on the ratio
of Higgs vevs r as defined in Eq. 7. A horizontal dotted line indicates
the bound from LHC on the Z ′ mass at 2 TeV
The gauge boson masses are calculated to be
MZ = gLvL√
2(1 − 2 sin2 θW )
,
MZ ′ = MZ
√
sin2 θW + r2 cos2 θW , (6)
MWR = MZ
√
sin2 θW + r2(cos2 θW − sin2 θW ).
Here (v2L/u
2) = (1 − 2 sin2 θW )/ sin2 θW has been used
to assume zero Z–Z ′ mixing, and we have defined the ratio




with v2L = v2L1 + v2L2, v2R = v2R1 + v2R2 and u2 = u21 + u24.
In Fig. 4, we show the linear dependence of the Z ′ and
WR mass on the ratio of Higgs vacuum expectation values r
following Eq. 6. We note that the mass of Z ′ is larger than
WR for M ′Z ≥ 30 GeV. The bound on M ′Z ≥ 2 TeV from
LHC eventually put a bound of r ≥ 25, as shown. In the
following analysis, we use r as a plotting variable instead of
M ′Z or MWR .
4.2 Relic abundance of n and η˜0R
The annihilation cross sections for DM η˜0R to SM particles
goes through s-channel diagram exchanging Z ′, while n has
an additional piece through a t-channel diagram to e±R through
W±R exchange. The Feynman diagrams are shown in Figs. 5
and 6.
The expressions for thermally averaged cross section
(〈σv〉) for these two DM components meaning annihilation
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With the unification condition, g2R = g2L 	 0.427 and











4mn2 − M ′2Z
+ 0.00272mn
2
mn2 + MWR 2
+ 0.00156mn
2
(4mn2 − M ′2Z )(mn2 + MWR 2)
. (11)
If we assume that the decouplings of η˜0R , n, and χ˜
0
1 from the
hot soup of SM particles are independent of the interactions
with each other, the relic density for each DM component
can be approximated by
i h2 	 0.1pb〈σv〉 i
. (12)
The total abundance will be the sum of the three DM com-
ponents, i.e.
DMtot h2 = ηh2 + nh2 + χ01 h
2. (13)
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2902 Page 6 of 13 Eur. Phys. J. C (2014) 74:2902
Fig. 7 A 3-dimensional plot showing h2 (z-axis) dependence on mass (x-axis) and r (y-axis). LHS n and RHS η˜0R
Fig. 8 h2 dependence for DM n and η˜0R on mass for r = 25
With this assumption, we evaluate the relic abundance for
each of the DM components and look for the parameter space
where they add up to the constraint from WMAP [22].1 We
have
0.094 < DMtot h2 < 0.130. (14)
In Fig. 7, we show a 3-dimensional plot with h2 along
the z-axis, DM mass m along the x-axis and the ratio of Higgs
vevs r along the y-axis for the DM component n on LHS and
η˜0R on RHS. We use Eqs. 10, 11, and 12 to draw them. Both of
the DMs show similar behavior. Now, a cut along the r -axis
at 25, shows the dependence of h2 on DM mass m which
is shown in Fig. 8. The difference in n and η˜0R annihilation is
clear from this.
In the three component DM framework, we study a sce-
nario where the two components n and η˜0R dominate in the
1 PLANCK [23] data essentially indicates a very similar range, though
more stringent, almost indistinguishable from WMAP in the present
context.
relic abundance leaving a very tiny space for the neutralino
χ˜01 . We will discuss neutralino DM shortly. For example, we
focus on the region of parameter space, where
ηh2 + nh2 = 0.1. (15)
In such a case, if we assume in addition that each of the
components contribute equally, then we end up with Fig. 9.
This indicates that we obtain two possible masses for a given
value of r and h2 and the difference in n and η˜0R annihilation
does not matter in the range of r and h2 we are interested
in. This is shown in the top panel of Fig. 9, for n (left) and
η˜0R (right). They look exactly the same, where DM mass
is plotted with r . In the bottom panel, we show the case
when one of the components contributes fully to the relic
abundance with i h2 = 0.1.
Equation 15 is appropriately depicted in Fig. 10 for dif-
ferent Z ′ masses. They are represented by three circles (the
circular shape is understandable from looking at Fig. 8)
in the mn and m η˜0R (GeV) plane for M
′
Z = 2, 3 and
4 TeV around mn = m η˜0R = M
′
Z/2. The reason is sim-
ple; the resonance region essentially contributes for relic
abundance. We highlight the case for M ′Z = 2 TeV in
the RHS of Fig. 10. The whole region in green becomes
allowed when we have the condition ηh2 + nh2 ≤
0.12 (i.e. the contour shrinks for a smaller abundance). We
also note that, if we adhere to the assumption made ini-
tially that mη ≥ mn , then only half of the circle above the
diagonal line is allowed for relic abundance restricting the
allowed mass range for n between 866–1100 GeV and for
η˜0R between 915–1163 GeV. Given that the plot is close to
a perfect circle, nh2 ≥ ηh2 in this limit. Hence, if n
and η˜0R together contribute 90 % of the total dark matter
relic density, η˜0R can contribute 1–45 % and n can contribute
45–90 %.
123
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Fig. 9 Top m–r dependence when each of the DM components n (left) and η˜0R (right) contributes equally to the relic density with i h2 = 0.05.
Bottom When one component dominates, i.e. i h2 = 0.1. Masses are in GeVs
4.3 Direct detection of n and η˜0R
Direct detection of n and η˜0R takes place through the t-channel
Z ′ interaction with quarks. The Feynman graph is shown in
Fig. 11. Due to only this contribution, the spin-independent
(SI) cross section is very small.
We use MicrOMEGAs [24] to calculate the effective SI
nucleon scattering cross section. The parton-level interaction
is converted to the nucleon level by using effective nucleon
fq N (N = p, n) couplings defined as [24]
〈N |mq ψ¯qψq |N 〉 = fq N MN , (16)
where MN is the nucleon mass and we use the default form
factors in [24] as f pu = 0.033, f pd = 0.023, f ps = 0.26,
for the proton; f nu = 0.042, f nd = 0.018, f ns = 0.26 for
the neutron; while for the heavy quarks the f Nq are generated










⎠ Q = c, t, b. (17)
The results are shown in Fig. 12. The bounds from
XENON100 (above) and XENON1T (below) are shown by
two continuous lines in purple and red, respectively. Any
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Fig. 10 LHS A plot showing
mn–mη (GeV) contours for
nh2 + ηh2 = 0.1 for M ′Z =
2, 3, 4 TeV. RHS Region of the
mn–mη (GeV) parameter space
when nh2 + ηh2 ≤0.12 with






Fig. 11 Diagram for scattering with quarks for direct detection
Fig. 12 Direct-detection constraint for DM n and η˜0R . The spin-
independent effective nucleon cross section (cm2) in log scale is plotted
along the y-axis as a function of DM mass (GeV) along the x-axis. The
upper thick curve in purple shows the limit from XENON100 and the
lower one in red is for XENON1T. Points in the blue box represent η˜0R
contributing 1–45 % (bottom to top) and those in green correspond to
n contributing 45–90 % (bottom to top) of the total dark-matter density
in the WMAP allowed mass range
points above the XENON100 lines will be discarded by the
direct search experiments. In Fig. 12, points in blue show the
results of SI direct-detection cross section for η˜0R with M ′Z =
2 TeV and those in green represent n within the allowed mass
range to obtain the correct relic density; mn is between 866–
1100 GeV and mη between 915–1163 GeV. Although n and
η˜0R have the same quark interaction as in Fig. 11 and have the
same direct-detection cross section, given the mass hierar-
chy mη ≥ mn , n contributes more than η˜0R to the dark-matter
density. Due to the multi-component nature of the dark mat-
ter, the effective direct-detection cross section for each DM
component is obtained by multiplying the fraction of their
number density nDM
ntot
with the actual nucleon cross section
σN (assuming that all of the DMs are accessible to the detec-
tor). We have






The thickness of the direct-detection cross section essen-
tially comes from the fraction nDM
ntot
, which has been varied
between 1–45 % for η˜0R (in blue) and 45–90 % for n (in
green). Hence, points at the bottom of the blue box consti-
tute only 1 %, while those at the top in green constitute 90 %
of the total DM. The unequal thickness in the blue and green
boxes is due to the logarithmic scale of the effective cross
section.
The direct-detection cross section also does not depend on
the DM mass, while it very heavily depends on the Z ′ mass.
With higher M ′Z they go down even below this value, making
it harder to perform a direct search. The possibility of early
discovery of these DMs in near-future experiments seems to
be small, although they are surely allowed by the exclusion
limits set by XENON.
4.4 Relic abundance and direct detection of wino type
of neutralino χ˜01
Let us now discuss the lightest neutralino (χ˜01 ) as the third
DM candidates in this three component DM set up. The
123
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Fig. 13 Plot showing a limit when the lightest neutralino becomes
predominantly a wino and the first chargino becomes degenerate with
LSP
neutralino sector in this extended LR SUSY model is non-
trivial and is constituted of three gauginos (MB , ML , MR)
and 13 Higgsinos. Seven out of them, which are superpart-
ners of the scalar fields that do not have a vev, do not mix
with the gauginos or the rest of the Higgsinos. This yields a
9-dimensional neutralino mass matrix.
For simplicity, we take the limit where the neutralino DM
is predominantly a wino. This is not a requirement of the
model; in fact one could chose the lightest neutralino state
to be a DM with admixtures from bino and Higgsino com-
ponents. However, in the wino limit, the neutralino of this
model can easily mimic the MSSM neutralino, with MB =
M1, μL = μ, βL = β, and 1.43ML = M2. This is explicitly
shown in the appendix. In Fig. 13, we show as an example that
when μL (x-axis) is larger than ML (which we set at 0.6 TeV),
the fraction of bino and Higgsino components in the lightest
neutralino, in black thick line, goes almost to zero; giving rise
to a wino DM with the red line reaching 1. We also show that
the lightest chargino (in blue, called LC) becomes degenerate
with the lightest neutralino (in green) and both have masses
around 600 GeV in this particular point in parameter space.
This degeneracy is a very well-known feature of the wino-
dominated neutralino in MSSM. Note that in order to achieve
this limit in this model, we kept MR 	 MB , and the other
non-MSSM parts were kept heavy, μR, μ = 5 TeV.
It is also known that when the lightest chargino is degen-
erate with the neutralino DM, co-annihilation occurs [25],
making the χ˜01 annihilation cross section much larger, yield-
ing a very small abundance. This has been crafted in different
ways [26–31] to make the wino a viable DM candidate by
having moduli decay in anomaly-mediated SUSY breaking
[27] or by non-thermal productions [31] etc. Wino DM has
been studied also to justify PAMELA data [32,33]. How-
ever, the under-abundance works perfectly fine for us using
the other two components for make up.
Fig. 14 Relic abundance of the lightest neutralino as a function of
mass when it is predominantly a wino. The scanned parameter space
range for M1 is (800–1200) GeV, for M2 (200–775) GeV, and for μ
(600–1000) GeV with μ, M1 > M2
Once again, we stress here that, while a bino DM is
not possible given the overabundance it produces, the other
regions of the neutralino DM parameter space, where it
is an admixture of Higgsino–wino–bino and yields under-
abundance, is allowed for the model. Also this admixture
is not only restricted to the MSSM-like part and includes
non-MSSM Higgsinos; see the appendix for details. The
lightest eigenvalue (and its interactions) can only be calcu-
lated numerically, essentially involving the whole parameter
space of the model including the non-MSSM scalars intro-
duced here. For simplicity, we only examine the region of the
parameter space where the lightest neutralino is MSSM-like
and predominantly a wino.
We show a sample scan of the wino-dominated neutralino
for relic density and direct detection. The MSSM parameter
space scanned here is as follows: M1 between 800–1200 GeV,
M2 	 1.43ML , between 200–775 GeV, and the Higgsino
parameter μ between 600–1000 GeV (with μ, M1 > M2).
In Fig. 14, we show that the neutralino-DM under-abundance
for χ01 h
2 is not larger than 0.02 if we keep mχ˜01 ≤ 800 GeV(this follows from the assumption that the neutralino is the
lightest of the three DMs and the limit can be increased for
higher Z ′ mass). The neutralino DM constitutes only 1–20 %
of the total DM density making Eq. 15 a good benchmark.
Note that the scan yields predominantly a wino, but with
some Higgsino component in it.
We use MicrOMEGAs [24] to evaluate the relic abun-
dance and direct-detection cross sections for the neutralino
DM which mimics MSSM in the parameter space mentioned
above. The direct-detection cross section for the neutralino
goes through t-channel processes as in Fig. 15. The squarks’
contribution is negligible as they are heavy 	 2 TeV. Also,
for a pure wino, there is no Higgs channel and the Z -channel
contributes more to the spin-dependent cross section. Hence,
having some Higgsino fraction in the neutralino enhances
123
2902 Page 10 of 13 Eur. Phys. J. C (2014) 74:2902
Fig. 15 Diagram for the
lightest neutralino χ˜01 scattering














Fig. 16 Direct-detection constraint on the neutralino DM mass when
it is predominantly wino. The upper curve is for XENON100 and the
lower one is for XENON1T. Points in blue have a relic abundance higher
than 10 % and those in green have less. Scanned parameter space range
for M1 is (800–1200) GeV, for M2 (200–775) GeV, and for μ (600–
1000) GeV with μ, M1 > M2
direct detection. In Fig. 16, we see that the neutralino can be
accessible to direct-detection experiments in the near future
with points close to XENON100 and XENON1T limit. Points
in blue have a relic abundance contribution with more than
10 % and they have an early detection possibility, while
points in green have a relic density less than 10 % and
direct detection for them may be delayed depending on the
mass and composition. While higher order calculations for
direct detection of purely wino DM has been studied [34,35]
and found to boost direct detection, we are not using them,
since we are exploiting a small Higgsino fraction in the
neutralino, which increases direct detection, while having
co-annihilations to yield under-abundance.
It is worthwhile to clarify here that the accessibility
of predominantly wino dark matter with a smaller Hig-
gsino fraction to direct-detection experiments is quite achiev-
able in MSSM itself with, for example, non-universal high-
scale gaugino masses in gravity mediated SUSY breaking;
although it will not of course satisfy the relic abundance
constraint. Here, we are choosing that suitable subspace of
MSSM-like neutralino dark matter in our model which yields
under-abundance to make up for the other two components
and also is accessible to direct-detection experiments in the
near future.
The mass range and the wino content in the neutralino
studied here is consistent with the indirect-detection con-
straints from the Fermi gamma-ray space telescope or the
high energy spectroscopic system (H.E.S.S.) [36].
We also note that the MSSM parameter space scan per-
formed here does not correspond to a specific high-scale
SUSY breaking pattern. So, the bounds on the chargino or
neutralino masses obtained from LHC [37], which mostly
assumes some specific high-scale pattern like minimal super-
gravity (mSUGRA) [38–42], are not applicable here.
It is also important to note that we did not study the entan-
glement of neutralino dark matter with the other components,
only because we studied a particular region of the parameter
space of neutralino DM, which contributes minimally to the
relic abundance, while having possibilities of being detected
in direct search experiments. However, in the most general
case, one can study a similar entanglement of the neutralino
DM with the other two components for relic abundance and
direct detection.
In Fig. 17, we show a sample point in the three component
dark-matter parameter space allowed by relic abundance with
respect to the XENON100 and XENON1T direct-detection
limit. In this point χ˜01 (644 GeV) in green, n (912 GeV) in red,
and η˜0R (939 GeV) in blue constitute 10.7, 62.5, and 26.8 %
of the total DM density, respectively.
5 Summary and outlook
We have presented a consistent extension of the SM in
which at least three stable dark-matter candidates coexist,
as the result of three exactly conserved Z2 symmetries. We
have chosen as an example three specific dark-matter candi-
dates: the lightest MSSM neutralino χ˜01 , the lightest SU (2)R
scotino n, and the exotic η˜0R Higgsino, which generates a
radiative neutrino mass. The three of them share in produc-
ing the correct dark-matter relic abundance of the Universe.
We choose the MSSM χ˜01 to be dominantly the wino. This
by itself would not be acceptable as a dark-matter candidate,
because its usual co-annihilation with a chargino would result
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Fig. 17 A sample point in the three component dark-matter parameter
space allowed by WMAP is plotted with respect to the XENON100 and
XENON1T limits. χ˜01 (644 GeV) in green, n (912 GeV) in red, and η˜0R(939 GeV) in blue constitute 10.7, 62.5, and 26.8 % of the total DM
density, respectively
in under-abundance. For our scenario, this is not a problem
because we have two other dark-matter candidates to make
up for the deficit. We choose the masses mn and mη to be
around 1 TeV so that they have a modest resonance enhance-
ment in their annihilation to SM particles through the Z ′
of our model. From the LHC data, we find a lower bound of
2.045 TeV on MZ ′ . With this value, the direct-detection cross
section for n and η˜0R is calculated to lie between 10−47–10−49
(cm2) (depending on the fraction it contributes to the total
DM density). This is at least an order of magnitude below the
XENON1T detection limits. Nevertheless, a wino-dominated
neutralino with a small Higgsino fraction is allowed by the
relic abundance constraint in this multi-component setup and
such χ˜01 does lie within the direct-detection limits.
It should be mentioned that we have not considered in
detail the thermal history of the three assumed components
of the dark matter. Neglected interactions between n and η˜0R
can make the general situation more complicated and one
needs to solve the coupled Boltzman equations involving
n, η˜0R , and χ˜
0
1 to study the exact decoupling of each DM
component, depending on their relative masses and coupling
strengths. This will be considered in future work.
The rich particle spectrum of this model in the SU (2)R
sector makes it very likely to have interesting collider signa-
tures at the LHC, with the production Z ′ as its most promis-
ing signal. These new particles may also open up new decay
channels for sparticles thus altering the event rates in the lep-
ton or jet-rich final states with missing energy. This differ-
ence from the MSSM may change the bounds on the sparticle
masses at the LHC. We plan to elaborate on this in a future
publication.
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Appendix
Using the basis
(˜0)T = {B˜, W˜L , φ˜L1, φ˜L2, W˜R, δ˜11, δ˜22, φ˜R1, φ˜R2},




MB 0 − g1vL1√2
g1vL2√
2




0 ML gLvL1√2 −
gLvL2√
2














−μL 0 0 f2vR12 0 f2u12 0







0 − gL u1√
2
















2 0 0 −μR
g1vR2√
2
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As mentioned in Sect. 4.3, this is also not the full matrix,
but some elements are already decoupled from this matrix.
It is important to note that B˜ is not the MSSM U (1)Y bino,
instead is a SU (2)R ×U (1)Y . But a linear combination of B˜
with W˜R in the limit MB 	 MR makes it a MSSM bino.





and tan βL = vL2/vL1, we can rewrite the 4×4 upper left






MB 0 −MZ ∗ sW ∗ cβL MZ ∗ sW ∗ sβL
0 MLR2W
MZ ∗ cW ∗ cβL −MZ ∗ cW ∗ sβL
−MZ ∗ sW ∗ cβL MZ ∗ cW ∗ cβL 0 −μL




This is exactly the MSSM neutralino mass matrix, where
MB = M1, μL = μ, βL = β, and MLR2W 	 1.43ML = M2.
The rest of the Higgsinos in the basis, (˜2
0
)T =
{ ˜η0L1, ˜η0L2, s˜03 }, (˜3
0
)T = { ˜η0R1, ˜η0R2}, and (˜4
0
)T =





















In the following basis:
(+1 )
T = {ı W˜+L , ı W˜+R , ˜φ+L2, ˜δ+22, ˜φ+R2, ˜δ+12}
(−1 )
T = {ı W˜−L , ı W˜−R , ˜φ−L1, ˜δ−11, ˜φ−R1, ˜δ−21}
(+2 )
T = {η˜+L2, η˜+R2, ζ+2 }
(−2 )
T = {η˜−L1, η˜−R1, ζ−1 },




ML 0 gL vL22
gL u4
2 0 0








2 − f2vR1 μ 0 0
0 gRvR12 0 0 μR − f2vL2
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